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ABSTRACT

We present spatially resolved 1.24—1.30 um spectroscopy with a resolution of 240 km/s of the Seyfert 1.5
galaxy NGC 4151. Broad PaB, narrow PaB, and narrow [Fe 1] (A=1.2567 um) emission lines are
identified in the spectrum. Additionally, a spatially unresolved narrow component probably due to [S 1X]
(A=1.25235 um) is observed on the nucleus. The narrow Pag and [Fe 11] lines are observed to be extended
over a scale of 5”. The spatial variation of the velocity centers of the Pag and [Fe 11] lines show remarkable
similarity, and additionally show similarities to the velocity structure previously observed in ground based
spectroscopy of {O 11] emission in NGC 4151. This leads to the conclusion that the [Fe 11] emission arises
in clouds in the Seyfert narrow line region that are physically correlated with those narrow line clouds
responsible for the optical emission. The [Fe 11] emission line, however, is significantly wider than the
Paf emission line along the full spatial extent of the observed emission. This result suggests that despite
the correlation between the bulk kinematics of Pag and [Fe I1], there is an additional process, perhaps fast
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shocks from a wind in the Seyfert nucleus, contributing to the [Fe 1] emission.

Astronomical Society.

1. INTRODUCTION

Nearby Seyfert galaxies provide a laboratory for studying
the properties of the nuclear and near-nuclear emission sur-
rounding an Active Galactic Nucleus (AGN) with the best
possible spatial resolution. One of the goals of studies of
nearby Seyfert galaxies is to understand the dynamics, exci-
tation mechanisms, and ionization structure of the circum-
nuclear gas. Infrared spectroscopy complements optical
spectral studies of the nuclear regions of these systems in
that infrared radiation is less affected by dust extinction, and
in that recombination lines, low ionization collisionally ex-
cited atomic transitions, as well as lines from warm molecu-
lar gas, are strong in the J, H, and K band atmospheric win-
dows. The study of the correspondence between infrared and
optical spectral characteristics of Seyfert galaxies should
produce a more complete picture of the physical environ-
ment of these systems, including the interactions of the ion-
ized gas with the surrounding molecular material.

The nearby galaxy NGC 4151, being one of the brightest
and best studied Seyfert galaxies, is an ideal candidate for
these spatially resolved infrared spectral studies. NGC 4151
has been classified optically as a Seyfert 1.5 galaxy (Oster-
brock & Koski 1975). From measurements of the 21 cm H 1
line in the outer parts of the galactic disk, Pedlar et al. (1992)
derive a systemic radial velocity of 997+ 3 km/s. Using a
value of 75 km s~ ! Mpc™! for H, yields a distance to NGC
4151 of 13 Mpc, and a spatial scale of 64 pc/”.

Optically, the narrow line region (NLR) of NGC 4151 has
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been previously observed to be extended by about 4” or 5"
along a position angle of 60°. Ulrich (1973) and Schulz
(1990) spectroscopically identify a number of different ve-
locity components or ‘‘clouds’’ at different distances within
about 5" of the nucleus along this position angle in [O 1]
and Ha emission. The NLR is resolved in narrowband [O 1]
images taken with the Hubble Space Telescope into a num-
ber of individual emission line clouds (Evans et al. 1993).
These emission line clouds are themselves resolved on scales
of less than 17, and are distributed in northeast-southwest
cones with opening angles of 75° % 10°.

It is of interest to investigate how the spatial distribution
of infrared line radiation in NGC 4151 compares to the spa-
tial distribution of optical line radiation. Among the strongest
near-infrared lines in Seyfert nuclei are the forbidden lines of
singly ionized iron at A=1.2567 um and A=1.644 um.
While the Fe* is excited by collisions with electrons and
Fe®' ions, the dominant physical processes responsible for
the heating and ionization of the [Fe I1] emitting gas in active
galaxies are controversial, primarily due to the fact that iron
is heavily depleted onto dust grains in the interstellar me-
dium. In Seyfert galaxies, the central AGN, a circumnuclear
starburst, or both could be responsible for the production of
Fe+ and excitation of the [Fe 1] emission (Mouri et al
1993; Moorwood & Oliva 1988). Near-infrared [Fe 11] emis-
sion is known to be strong in supernova remnants, and since
starbursts are known to exist around some Seyferts such as
NGC 7469 (Cutri er al. 1984, Wilson er al. 1986, Meixner
et al. 1990; Mazzarella et al. 1994; Genzel et al. 1995), and
NGC 1068 (Telesco & Harper 1980 Balick & Heckman
1985), the strong [Fe 11] emission seen in some Seyferts may
trace enhanced star formation.

Fast shocks and/or photoionization by hard x-rays from a
source of high-energy ionizing radiation can be responsible
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for the creation of Fe ' and the excitation of the near-infrared
[Fe 11] transitions in active galaxies. Shocks associated either
with supernova remnants (SNR) in circumnuclear starbursts
or with the interaction of radio jets with the extranuclear gas
in Seyfert nuclei can effectively destroy dust grains thereby
enhancing the gas phase iron abundance, and create partially
ionized regions where much of the iron is in the form of
Fe’ (Forbes & Ward 1993). Alternatively, hard x-rays from
a power-law ionizing source can create large partially ion-
ized regions in which emission lines from low-ionization
species such as OI, S11, N 11, and Fe Il are prominent. It is
also possible that in some circumstances the Fe™ abundance
in such large partially ionized regions is high enough that it
can account for all of the infrared [Fe 11} emission, without
the need for shocks to destroy grains (Mouri er al. 1993;
Graham et al. 1990).

In this paper we present observations that address the ori-
gin of the near-infrared [Fe I} emission in NGC 4151, We
report on spatially resolved spectroscopy of the near nuclear
regions of NGC 4151, focusing on the [Fe 1] A=1.2567 um
and PaB A=1.2818 um lines. We show that the width of the
lines, their central velocities, and the [Fe 11}/Pag ratio vary
with position along the slit; and that the [Fe 11] emission is
associated with previously identified clouds in the narrow-
line region of NGC 4151.

2. OBSERVATIONS AND DATA REDUCTION

The observations described here were performed with the
Hale 200 inch telescope at Palomar Obscrvatory, using the
new Palomar Near-Infrared Spectrometer (Larkin er al.
1995). On 1994 May 25, two spectra of 300 s each were
obtained of NGC 4151 covering the spectral range between
1.24 and 1.30 wm. This spectral range includes Pag (rest
A=1.2818 um) and [Fe 11] (rest A=1.2567 um). The spectra
were obtained using a 0.75” wide slit at a spectral resolution
of R~ 1000. The spatial scale of the camera on the spectrom-
eter is 0.165"/pixel. The nucleus of the galaxy was moved
back and forth along the slit by 20” between observations, to
allow for sky subtraction while continuously integrating on
the object. The observations were made with the slit oriented
at a position angle of 60°, to align it with the [O 111] emission
cones observed by the Hubble Space Telescope by Evans
et al. (1993). Observing conditions were non-photometric.
From observations of a point source and the spatial extent of
the pointlike Seyfert 1 nucleus in the continuum, the full
width at half maximum (FWHM}) of the point spread func-
tion (PSF) was determined to be 1.3". Immediately prior to
the observations of NGC 4151, we observed the calibration
star BS 4785 [GO V]. A chopping secondary was used to
uniformly spread the light of this star along the length of the
slit. Spectral data frames were divided by the G-star spectral
calibrator frames, in order to remove atmospheric absorption
lines and to correct for efficiency variations across the field
of view and gain variations across the array. The Pag ab-
sorption feature in the G-star spectrum was removed before
this division, in order to avoid the creation of artificial emis-
sion lines in the galaxy spectrum. Bad pixels in the array
were removed by linear interpolation.
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The spectral frames were corrected for large scale optical
distortions in a two-step process. There is a small distortion
due to the camera optics which leads to the curvature on the
array of the spectrum of a point source. The continuum spec-
tra of a point source (the G2V star BS 8310), cobtained at
several locations along the length of the slit, were used to
remove this distortion in the data. In addition, the fact that
we are using a flat grating with an extended slit causes the
spectrometer to image monochromatic light at the slit into a
curved line at the focal plane of the spectrometer. The night
sky OH emission lines of unsubtracted frames were used to
measure and remove the curvature of the wavelength solu-
tion from the data frames. The two distortion corrected NGC
4151 spectra, spatially offset by 20” along the slit, were sub-
tracted from each other to remove sky emission, and the
spectra were clipped to a ~ 12" length along the spatial axis.
The two clipped spectra were shifted so that their continua
aligned, and were added together.

Despite the nonphotometric conditions of the observa-
tions, the spectra have been roughly flux calibrated using
previous photometric J (1.25 um) broadband observations
{Neugebauer 1995) coupled with images obtained through
the fully opened (10" wide) slit at the time of the spectral
observations. Photometry is performed through two synthetic
beams on these images. One is a 7.5” diameter beam set to
match the beam of the photometric measurements, and the
other is a rectangular beam with dimensions 1.0”x0.75". The
ratio of the signals observed in these two synthetic beams is
equivalent to the ratio of the total amount of flux admitted
through a 1.0" length of the slit during the spectral observa-
tions to that of the previously measured flux of the galaxy.
Under the assumption that the spectrum is approximately flat
across the wavelength band in question, we can use this ratio
together with the known spectral width of the J filter to flux
calibrate the spectra. From the bright, point-like Seyfert 1
nucleus, we estimate that the secing degraded by about 30%
from the time of the imaging observations to the time of the
spectral observations. Before performing the photometry in
the 1”7x0.75" beam mentioned above, the images were con-
volved with a Gaussian profile to simulate this estimate of
the seeing at the time of the spectral observations.

The largest source of systematic uncertainty in the flux
calibration is the assumption that the continuum flux of the
galaxy at the time of our observations was the same as it was
at the time of the earlier photometric observations. The con-
tinuum of the nuclear source has been observed to fluctuate
by as much as a factor of 2 at both 2.2 um (Prestwich et al.
1992) and 0.5 um (Antonucci & Cohen 1983). We therefore
assume that our flux calibration is good to only 50%.

3. RESULTS

In Fig. 1 we present the two-dimensional near-infrared
spectrum of NGC 4151. The vertical axis covers the 1.24-
1.30 um spectral regime, while the horizontal axis covers
7" along the 0.75” wide slit. Left corresponds to southwest
(P.A. 240°), and right to northeast (P.A. 60°) on the sky. In
Fig. 1b, a smoothed continuum and broad emission line of Pa
B have been subtracted in order to increase the contrast
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FiG. 1. A greyscale image showing the reduced 1.24—1.30 um longslit spectrum of NGC 4151. The resolution of the spectrum is 240 km/s. On both spectra,
the left axis scale is the observed wavelength, and the right axis is the rest wavelength, assuming a velocity of cz=997 km/s (Pedlar er al. 1992). The left
image shows the full spectrum; the image on the right has a smoothed continuum and PaB broad line subtracted, to increase the contrast of the narrow
emission lines. In the left image, the contours are logarithmically scaled; in both images, the greyscale is linearly scaled. Three lines are visible on the plot:
the upper line is Pag (rest A =1.2818xm), and below that is [Fe 1] {rest A=1.2567 um). The line blueward of [Fe u] is [S 1x] (rest A=1.25235 um).

and visibility of the narrow emission lines (see Appendix A).
Three lines are visible in Fig. 1: PaB (A=1.2818um),
[Fe 1] (A=1.2567 um), and a line at A\=1.25235 um which
we identify as [S 1x]. This feature was first seen in the Cir-
cinus galaxy by Moorwood & Oliva (1994) and Oliva et al.
(1994). Both the Pag and [Fe 11] lines are spatially extended,
and show clear velocity shifts with position (visible as a tilt
of the line on the figure). The [S 1] line is visible only on
the nucleus, and is spatially unresolved, as distinct from the
extended nature of the narrow components of PaB and
[Fe 11]. This is consistent with the extent of coronal lines
observed in the Circinus galaxy (Oliva et al. 1994), and in
contrast with the prediction of Korista & Ferland (1989) that
coronal lines would be extended at least as much as the nar-
row line region of an active galaxy. The [S IX] line does not
show noticable velocity shifts; the single unresolved compo-
nent on the nucleus is at a redshift of 973+ 46 km/s, consis-
tent with the systemic velocity of the nucleus of NGC 4151.

The line is not blueshifted with respect to the other lines on
the nucleus, as is the case with other coronal lines in several
Seyfert galaxies (Penston et al. 1984). Its FWHM, corrected
for our instrumental resolution, is 170+ 65 km/s.

Figure 2 shows nine one-dimensional spectra, each ex-
tracted in 1.33" wide bins from the spectrum in Fig. 1. Each
spatial bin is offset from adjacent ones by 0.67". one half of
the width of a spatial bin. The 1.33” size of the spatial bin
along the slit was chosen to match the seeing at the time of
the spectral observations. The emission lines identified in
Fig. 1 are clearly seen in Fig. 2. The Pag line shows both
broad and narrow components. On the nucleus there is a
broad line with a FWHM of 5800+ 800 kmy/s, and a total flux
in a 1.33"x0.75" beam of 800X 107 "% erg cm™2 s™'. The
extent of the broad Pag line is consistent with it being spa-
tially unresolved.

The narrow component of PaB is slightly resolved in ve-
locity in some of the spatial bins: the spectral resolution is
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FiG. 2. One-dimensional infrared 1.24-1.30 um spectra of the Seyfert 1.5 galaxy NGC 4151. These spectra show seven 1.33"x0.75” beams along a slit
oriented at a position angle of 60°. The center spectrum on the left is for the nucleus, those above it northeast of the nucleus, those below it southwest of the
nucleus. On the right are plotted spectra whose bins are offset spatially by one half the size of the spatial bin. Three strong lines are identified in the nuclear
spectrum: the hydrogen recombination line Pag, a forbidden line of ionized iron [Fe 1], and a high-ionization forbidden line of sulfur, [S 1x]. On the nucleus,
a broad component of Pag is also visible. This broad Pa component is also visible in the bins adjacent to the nucleus as a result of its strength and the width
of the psf (FWHM=1.3";. From this figure, one can see that the centers of the narrow Pag and [Fe 1] lines, as well as the flux ratio of Paff[Fe ] vary along
the length of the slit. The [S 1x] line is only seen on the nucleus; its appearance in bins neighboring the nucleus is as a result of contamination due to our

1.3" psf.

240*20 km/s, based on unresolved atmospheric OH lines
measured simultaneously with NGC 4151, while the typical
intrinsic linewidth of PagB is 250 km/s (after subtracting
the width of an unresolved line in quadrature). The [Fe 1]

(A=1.2567 um) line has no broad component. It also is
clearly spatially resolved and appears broader than the nar-
row component Pag, with a typical line width of 400 km/s
after correction for our resolution.
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TaBLE 1. Line fluxes, velocities, and widths for the Pag and {Fe 11] emission lines observed in the spectrum of
NGC 4151. The effective beam for each line is 1.33"X0.75", so neighboring spatial bins overlap by 50%. The
0.75" wide slit was oriented at a position angle of 60°. The uncertainties quoted on the fluxes include those in
our flux calibration as well as those resulting from Gaussian fits described in the text of the paper (see text for
detailed discussion). The instrumental resolution of 240 km/s, as measured from unresolved OH sky lines, has
been subtracted in quadrature from the FWHM of each of the Gaussians in the table. For comparison, the
systemic velocity of NGC 4151, as measured from the 21 ¢cm H1 line in outer parts of the galaxy, is 997+3

kmv/s {Pedlar et al. 1992).

[Fe ] (A=1.2567 um)

PaB (A=1.2818 um)

flux center FWHM flux center FWHM
Position (107" ergs'em™?  (km s (kms™" (107 Yergs'em™Y)  (kms™h) (kms™
2.67" NE 23+04 1033+ 31 260+ 50 23204 1094+ 38 184+ 55
2.00" NE 8.3+1.1 1056+ 28 490+ 21 5.5x0.8 1077+37 352+25
1.33" NE 28+1.6 1389+129 405* 160 1.8+1.0 131863 < 180
16.3+2.8 997+ 51 45542 12,1220 1001+ 39 280+ 39
0.67" NE 53+35 1450+ 109 365+ 204 5.7*6.7 1253+£204 336+ 298
25.1+48 975+43 455+59 24874 958+ 45 236+ 46
Nucleus e e s 800 960* 170 5800+ 800
290.8+6.8 981+ 48 434+ 70 36.2+5.0 960+ 36 28524
6.9+6.0 487+ 148 402* 342
0.67" SW 37.2+5.1 855+28 575%20 16.9+6.8 1007+ 51 <180
13.3+6.7 763*74 212+ 115
1.33" SW 20*1.5 1318+ 167 455*+332 5.3+3.0 1014+ 60 <180
253+37 779+ 30 457+27 12734 762+ 53 257+ 62
2.00" SW 1.8+0.8 124571 335+ 148
146+2.1 752+29 425+ 31 88+1.2 786+ 36 329+ 22
2.67" SW 64+09 773x29 466* 31 35+05 771+37 228+41

To determine the flux and shapes of the narrow lines, we
first subtracted the continuum and broad Pag line from the
data to create a spectrum of the narrow lines above a zero
continuum. We then fit one or more Gaussian line profiles to
each narrow line in each of the nine 0.75"x1.33" spatial
beams spaced by 0.67" in Fig. 2. Initially we fit a single
Gaussian profile to each line (PaB and [Fe 11]) in each spa-
tial bin, allowing the amplitude, width, and center of the
Gaussian to vary in a x> minimization fit. The fits were each
performed individually and unconstrained; for example, the
Gaussian profiles fit to the [Fe 1] line were not required to
have the same profile or velocity as those fit to the Pag line
at the same position on the slit. In many cases, this single
Gaussian profile was sufficient to adequately fit the data.
Where this provided a statistically unsatisfactory fit, an ad-
ditional one or two Gaussian components were added. In all
cases, we selected the minimum number of components to
describe an individual feature. The simplest set of Gaussian
profiles which adequately described the data for each line in
each spatial bin is listed in Table 1. The fits are plotted with
the data in Fig. 3. Appendix A discusses in greater detail
those cases where more than one Gaussian line profile was
required to fit the data. Although fitting the emission lines
with Gaussian components does not provide a unique solu-
tion, it does allow for a simple means of describing the
[Fe 1] and Pag line profiles as they change their shapes and
centroids with distance from the nucleus.

4. DISCUSSION
4.1 Identifying velocity components in Paf

The components of the Pag line producing the observed
shapes seen in Figs. 2 and 3 and in Table 1 are indicative of

multiple, discrete emitting components rather than a continu-
ous distribution of gas exhibiting a smooth velocity gradient.
Were there a smooth distribution of gas, the line centers
would vary smoothly in velocity with position away from the
nuclear velocity. However, superimposed discrete compo-
nents are visible, which change in relative strength causing
the varying Pag line profiles. A clear illustration of the na-
ture of these multiple components is seen in the Pag line
southwest of the nucleus (Figs. 3n, 30, 3p, and 3q). On the
nucleus (Fig. 3n), the Pag line is centered at 960 km/s. At a
position 2.67” southwest of the nucleus (Fig. 3q), the
Pag line is centered at 770 km/s. In the spatial bins 0.67"
and 1.33" southwest of the nucleus (Figs. 30 and 3p), the
PaB emission can be described as an increasing mixture of
the blueshifted 770 km/s component combined with the
nuclear 960 km/s component. The nuclear component is
stronger in the spatial bin 0.67" southwest of the nucleus
(Fig. 30), with the blueshifted component visible as a blue
shoulder. In the spatial bin 1.33” southwest of the nucleus
(Fig. 3p), the blueshifted component is stronger, with the
nuclear component a red shoulder.

All of the velocity centers of the narrow Paf Gaussian
components tabulated in Table 1 are consistent with one of
four basic velocity components: a nuclear component at
about 980 km/s, consistent with NGC 4151°s systemic veloc-
ity of 997 km/s (Pedlar ez al. 1992), and consistent with the
960 km/s emission we observe on the nucleus, a blueshifted
component southeast of the nucleus at about 770 km/s, a
redshifted component visible >2" northeast of the nucleus at
about 1070 kmv/s, and a second redshifted component 1.33"
northeast of the nucleus at about 1380 km/s. From these
identifications, a picture emerges of four cloud systems, at
different velocities and distances from the nucleus, along the
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FiG. 3. Gaussian line profiles used to describe the [Fe 1] and PaB lines in each of the spatial bins of Fig. 2. Individual Gaussian line components are dotted
lines, and the solid line is the sum of the individual Gaussian line profiles, indicating our total fit to the data. The narrow emission line on the blue side of
[Fe u] seen in (c), (d), (e), (), (g), and (h) is [S1x] (rest A =1.25235 um). These fits are discussed in greater detail in Appendix A.

60° slit. A cartoon of this picture is shown in Fig. 4. Note
that because the data in this paper are from a single slit
orientation, we only have one dimension of spatial informa-
tion.

Kinematically, the Paf velocity components show corre-
lations with the long slit optical Ha and [O 111] spectroscopy
of Schulz (1990) and Ulrich (1973). In the optical data, these
authors identify a number of discrete components or
*“‘clouds’ at velocities similar to the components seen here
in the near-infrared lines. Table 2 lists the comparison be-
tween the kinematic components seen in the optical line and
the kinematics seen in the near infrared lines in this paper.
The optical data are used to model a nuclear outflow by
Ulrich (1973) and Schulz (1990). There is remarkable agree-
ment between the velocities of the optical and infrared emis-

sion lines suggesting that the latter are involved in the out-
flow from the Seyfert nucleus.

4.2 Correlation between Pap and [Fe 1]

The centroids of the components of the Pag and [Fe 1]
lines as tabulated in Table 1 agree quite well with each other.
Both are redshifted (relative to the nucleus) northeast of the
nucleus, and both are blueshifted southwest of the nucleus.
In general, the line shapes are similar within each spatial bin.
For example, 1.33" northeast of the nucleus, both the
Pag and [Fe 1] lines have a red shoulder. In each spatial bin,
with few exceptions there is good correspondence between
the velocity centers of the two lines; usually, the components
that comprise the [Fe 11] line share the same redshifts as the
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FiG. 4. A cartoon of the four narrow velocity components identified in
Pag and [Fe 1] in Tables 1 and 2. The 0.75" wide slit at a position angle of
60° is indicated by the two long parallel lines. The cross indicates the center
of the slit and the peak of the continuum emission.

components that comprise the Pag line. One exception is
1.3” and 2.0" southwest of the nucleus, where there is a very
weak red shoulder identified at approximately 1270 km/s in
the [Fe 11] line, which is not seen in Pag. Given the ratios of
[Fe 1)/PaB seen in the other components, it is possible this
shoulder may just be too weak at PaB to be identified in the
spectra. A second exception to the correlation between line
centers of Pag and [Fe 11] components is the [Fe 11] emission
0.67" southwest of the nucleus (Fig. 3f), which, at a velocity
centroid of 855*28 km/s, is intermediate between the
nuclear system and the 770 km/s blueshifted system. Given
the large width of this line (575%20 km/s) as compared to
neighboring lines, this component is consistent with a blend
of two Gaussian profiles, one at each of the velocities of
these two systems. However, we cannot distinguish this
blend from a single Gaussian fit. A final [Fe 1t] Gaussian
component whose velocity center does not fall within one of
the four velocity components identified in Pag is the 487
km/s component identified on the nucleus (Fig. 3e). It is
possible that this component is associated with the [S ix] line
blueward of [Fe 11} on the nucleus.
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Except for the cases cited above, the Gaussian compo-
nents fit to the [Fe 11] lines belong to one of the four velocity
systems identified in the Pag line. Moreover. the [Fe 1]
emission components show the same velocity centers at the
same locations along the slit as do the Pag velocity compo-
nents. The correlations between the Pa8 and [Fe 1] line ve-
locities suggest that the cloud systems responsible for the
narrow PaB line are also producing the bulk of the [Fe 1]
emission. The correlations of the kinematics of the near in-
frared and optical lines further suggest that the [Fe i1} emis-
sion arises in the narrow line region. Since the HST [O |
narrowband images of Evans ef al. (1993) indicate structure
on spatial scales an order of magnitude smaller than our spa-
tial resolution, each velocity component we have identified is
likely to be composed of many smaller clouds.

Although the line centroids of the [Feu] and
PaB emission lines are generally well matched. the width of
the [Fe 1] line is consistently broader than that of the
PaB line in every spatial bin, and in every corresponding
Gaussian component listed in Table 1. Given our spectral
resolution of 24020 km/s as measured from unresolved
OH sky lines, most of the observed narrow Paf3 features are
unresolved or only marginally resolved in velocity. whereas
the majority of the [Fe 11] lines are clearly resolved in veloc-
ity, showing intrinsic widths of 400 km/s or more. The co-
incidence of the spatial and velocity centers of the
PaB and [Fe 1] lines argue that the physical regions where
each of these emission lines arise share the same large scale
dynamics. The differences in the line widths, however, arguc
that on small scales there may be an additional excitation
process acting upon the Fe'.

Figure 5 is a plot of the line center versus the FWHM of
the Gaussian components. On this figure are plotted all of the
Gaussian profile fits from Table 1, excluding those points
which because of their faintness and blending with adjacent
components had an uncertainty in line width greater than 250
km/s and those points with an uncertainty in line centroid
greater than 150 km/s. The blueshifted 770 km/s component,
and the high velocity 1380 km/s component are easily

TasLe 2. Comparison of velocity components observed in this paper with velocity components ohserved in
ground-hased optical spectra (Ulrich 1973; Schulz 1990). For each velocity component. the table lists its
distance from the nucleus along a position angle of 60°. The optical data listed arc in both cases for [O utl;
similar velocity structure is seen in Har (Schulz 1990). The components reported for the J-band spectra
presented here are seen in both Pag and [Fe 1] as discussed in the text.

Ulrich (1973) Schulz (1990) this paper
position velocity position velocity position velocity
Component (at 240°) (km/s) {at 240°) (kmvs) (at 240°) (km/s)
1 1.5" SW (610)" 1-3" SW 740 1"-3" SW 770
2 nucleus 970 2"SW-2" NE 960 1.3" SW-1.3" NE 980
3 1"-3" NE 1120 273" NE® 1130 273" NE 1070
4 1" NE {1470) : 1-2" NE 1380

Notes to TABLE 2

*This velocity is reported by Ulrich (1973) as the *‘blue edge’

of the component.

PSchulz {1990) decomposes a flat-topped profile into two components, one at approximately the nuclear velocity
of component 2 and the other at a velocity of 1130 kmy/s. Schulz (1990) identifies the 1130 kim/s component
with Ulrich's component having a red edge at 1470 km/s; here, that 1130 km/s component is instead identilied

with component 3 in the table.

“This velocity is reported by Ulrich (1973) as the *‘red edge™’ of the component
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TABLE 3. Variation of the narrow [Fe 1t}/PagB flux ratio with position along
the slit. The broad PaB was not included in any of these flux ratios. The
overall ratio of narrow [Fe 1)/Pag flux in our 0.75”X0.67" slit is 1.28+0.04.

Position [Fe ul/PagB flux ratio
2.67" NE 1.01+0.12
2.00" NE 1.51%0.05
133" NE 1.39+0.04
0.67" NE 1.00+0.04
Nucleus 1.01+0.05
0.67" SW 1.24+0.04
1.33" SW 1.51+0.04
2.00" SW 1.86+0.06
2.67" SW 1.84+0.15

distinguished from each other and from the components
closer to the nuclear velocity on this plot. The nuclear 980
km/s component and redshifted 1070 km/s component are
not readily separated since their velocity difference is small
and closer to the uncertainties in the various line centroids.
The substantially larger [Fe It] line widths are immediately
apparent in Fig. 5.

The infrared PaB and [Fe 1] emission is correlated,
showing spatial and kinematic similarities which indicate the
lines arise from the same or at least from correlated physical
locations. Furthermore, the PaB and [Fe 11] emission shows
similar velocity components to those seen in the optical NLR
clouds. Consequently, our data argue that the [Fe 1] emission
arises in the NLR of NGC 4151, so there is no need to
invoke a near-nuclear starburst to explain the [Fe 11} emis-
sion.

4.3 [Fe 11]/Pap flux ratios and [Fe II] emission processes

The total narrow line flux ratio of [Fe 11]/Pag (excluding
the broad Pag line) in the 0.75"X6.67" slit is 1.28+0.04.
The ratio of [Fe 11}/Pag8 flux clearly varies as a function of
position along the slit, and among the four previously men-
tioned velocity components. These results are summarized in
Tables 3 and 4. The most noticeable trend evident in these
tables is that the [Fe 1f}/Pag ratio increases with increasing
radius from the nucleus. This is true whether one considers
Jjust the ratio as a function of position (Table 3), or whether
one considers the ratio for the four identified velocity com-
ponents (Table 4, where the 980 km/s component is consid-
ered nuclear). The [Feu}PaB8 flux ratios we

TaBLE 4. Variation of the narrow [Fe u}/Pag flux ratio with velocity com-
ponent. The four listed velocity components correspond to the four velocity
components listed in Table 2. The 487 km/s component of [Fe 11] on the
nucleus (see Table 1) was not included in any of the flux ratios in the table.
The {Fe 11] 2.67” northeast of the nucleus (at 1033+31 km/s) was considered
to be part of the 1070 km/s velocity component. The {Fe 1] emission at
85528 km/s seen 0.67" southwest of the nucleus was assumed to be an
overlap of 50% the nuclear 980 km/s component and 50% the blueshifted
770 km/s component (see explanation in text and Fig. 5).

Component [Fe n}/Pag flux ratio
770 ks 1.96+0.37
980 km/s 0.83+0.13
1070 km/s 1.84+0.15
1380 km/s 21:3+2.34
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FiG. 5. Width vs central velocity of the Pag and [Fe 1] components tabu-
lated in Table I. Pag is indicated by boxes and [Fe n] is indicated by
crosses. For each of the three major velocity groupings, the [Fe 11] line is
broader than the Pag lien by typically 150-200 km/s.

observe are comparable to large-beam [Fe 11}/Pag flux ratios
observed in other Seyfert galaxies, which typically range
from 0.3 to 1.4 (Mouri et al. 1990; Goodrich ez al. 1994).

The large scale kinematical correlation between [Fe i1]
and PaB observed is a direct indication that the [Fe 11] emis-
sion arises in the NLR of NGC 4151. Additionally, the simi-
larity between the near-infrared emission line components
measured here and the optical HB and [O 1m1] emission lines
(Schulz 1990; Ulrich 1973) suggests the former arise in the
outflowing ionized gas. However, the fact that the [Fe 11]
lines are consistently broader than the narrow Pag lines ar-
gues for an additional excitation mechanism for the [Fe 1].
This mechanism may be fast shocks associated with the out-
flow. These shocks could also explain the brightness of the
[Fe 1] emission, as shocks can destroy grains which contain
much of the iron in the interstellar medium, thus increasing
the gas phase abundance. If shocks do contribute to the
[Fe 1] emission, they ought to contribute to other low-
ionization species as well. As such, one might expect other
low-ionization species to show similar profiles to [Fe 11] at
the same spatial positions. Schulz (1990) tabulates the
FWHM for several optical species, including [S 1], [O 1], and
[N 11). For position angles close to 60° at a distance 2" from
the nucleus, the widths of these species are between 300 and
450 km/s, consistent with the linewidths observed for {Fe 1].
However, the presence of multiple, possible overlapping
emission line components in these data are difficult to assess.
Multiple, marginally resolved components may be present;
for example, in Ha southwest of the nucleus where the lin-
ewidth is >350 km/s (Schulz 1990), whereas in Pag8 we
separate two blended components each with width <250
kmy/s.

In the nearest Seyfert 2 galaxy, NGC 1068, Blietz et al.
(1994) observe [Fe 11} emission which is enhanced along the
direction of the outflow from the nucleus. The strength of the
[Fe i} emission drops where the radio jet flares out. Blietz
et al. (1994) suggest that these features of the [Fe 11] emis-
sion may be partially the product of shocks resulting from
the interaction between the nuclear outflow and circum-
nuclear molecular clouds. Our correlation between [Fe 1]
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and PaB which indicates that the [Fe 11] emission does arise

in the NLR of NGC 4151, suggests that similar conditions
may exist in the circumnuclear regions of both NGC 1068
and NGC 4151, and that similar processes may be giving rise
to the [Fe 11] emission.

Although shocks are a natural mechanism which can ex-
plain the enhanced [Fe 11] emission in NGC 4151, we cannot
rule out x-ray photoionization. From the flux ratio of [Fe 1]
(A=1.644 um)/Bry in the Crab Nebula, Graham et al. (1990)
argue that power-law photoionization of the filaments in the
nebula produces enough partially ionized gas to account for
all of the [Fe 1] emission, and that there is no need for
shocks to dissociate dust grains. From similarities between
the [Fe 11] to hydrogen recombination line flux ratios in the
Crab Nebula and in NGC 4151 these authors further argue
that photoionization in the NLR can entirely account for the
[Fe 11] emission in NGC 4151, with no need for shocks either
from supernova or from the NLR itself. However, the fact
that the [Fe1] line is systematically broader than the
Pag line in NGC 4151 suggests that another mechanism,
possibly shocks, are important in the narrow line region for
the generation of [Fe 11] emission.

5. SUMMARY AND CONCLUSIONS

We have presented spatially resolved near-infrared spec-
troscopic data on the Seyfert 1.5 galaxy NGC 4151. There is
a spatially unresolved broad component of Pag a spatially
unresolved component that we identify with [S1x] and
spatially resolved narrow components of Pag and [Fe 1]
(A=1.2567 um). From these data, we have identified indi-
vidual velocity components in each of these lines, which
have a finite number of discrete velocity centroids consistent
with individual cloud systems, not with a smooth distribution
of gas. The velocity centroids of the [Fe 1] and Pag lines
agree well in spatial and velocity structure, indicating that
these two species share similar bulk kinematics. In addition,
the velocity components identified in our near-infrared data
correspond well to velocity components previously identified
in optical spectroscopy of NGC 4151. The correspondence in
the kinematics of the [Fe 11] line to the kinematics of the
PaB and optical HB and [O 111] lines indicates that the [Fe uj
emission is associated directly with the Seyfert narrow line
region. Despite the strong correlation between the [Fe 1] and
PaB velocity centroids, the [Fe 11] narrow lines are consis-
tently broader than the PaB narrow lines. This suggests that
the [Fe 11] emission has an additional excitation source, pos-
sibly high velocity shocks associated with a nuclear outflow.
Tve increase in the [Fe n]/PagB line flux ratio with radius
may reflect the increasing importance of this shock excita-
tion to the [Fe 11] with distance from the nucleus along the
direction of the outflow.
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APPENDIX: DISCUSSION OF INDIVIDUAL GAUSSIAN FITS

This Appendix discusses in greater detail the fits to the
observed line profiles displayed in Figs. 2 and 3.

A.l 2.67", 2.00" Northeast of the Nucleus
(Figs. 3a, 3b, 3j. 3k)

Both the [Fe 11] line and the Paf line were acceptably fit
by a single Gaussian line profile in each of these spatial bins.

A.2 1.33" Northeast of the Nucleus (Figs. 3c, 31)

Both the Pag and [Fe 11] lines in this spatial have a non-
Gaussian shape clearly visible in Fig. 2. Both lines appear to
have a small ‘‘shoulder’’ on the long wavelength side. This
red shoulder is also visible in the 0.67" northeast bin in Fig.
2. Both lines were fit with two Gaussian line profiles. The fit
was done by a x* minimization of two profiles: one with a
centroid near the peak in intensity of the entire line, and a
second which fits the red shoulder. This procedure produces
a significantly better fit (with a lower x? per degree of free-
dom) to both line profiles than does a single Gaussian profile.

A.3 0.67" Northeast of the Nucleus (Figs. 3d, 3m)

The [S 1x] blueward of [Fe 11] is present in this bin (Fig.
3d). It was fit with a single Gaussian profile. The [Fe 1] line
shows enhanced emission along its red shoulder. This was fit
with a second, Gaussian profile redward of the primary
[Fe 11] component. In this spatial bin, the [Fe 11] line was fit
independently from the unidentified line.

The PagB line (Fig. 3m), similar to the [Fe 11} line, shows
a small amount of enhanced emission on its red side. It also
was fit with a second Gaussian profile redward of the pri-
mary Pa component.

A.4 Nucleus (Figs. 3e, 3n)

Three Gaussian line profiies were required to adequately
fit the [Fe n}/[S 1x] line complex. The first is for the [S 1x]
line, which appears both in the nuclear spectrum, and the
spectra 1.33" northeast and southwest of the nucleus. The
other two Gaussian profiles used to fit the profile of the
[Fe 11] line itself were centered on the peak of the emission,
and a weaker ‘‘shoulder’” necessary to fit the flux to the blue
side of the peak. Figure 3e shows the results of this fit.

The broad Pag8 line was fit to the unsubtracted spectrum
of Fig. 2. One large source of uncertainty in the shape and
the derivation of the integrated flux of the broad line is the
shape of the continuum. To estimate the shape of the broad
PaB line and the uncertainties in the parameters that de-
scribe it, we used two different fits for the continuum: one, a
flat and horizontal line (F,=const) at the level of the con-
tinuum at the left of the middle panel of Fig. 2, and two, a
line sloping gently upward (F,*X). Two Gaussians were
simultaneously fit in a x? minimization procedure over each
of these continua, one to fit the broad line, one to model the
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narrow line. The results of these fits for the broad line are
reported in Table 1. The results of these fits for the narrow
line were consistent with the single Gaussian fit to the con-
tinuum and broad line subtracted spectrum.

A.5 0.67" Southwest of the Nucleus (Figs. 3f, 30)

One Gaussian profile for the [Fe 11] line and one Gaussian
profile for the [S 1x] line was sufficient to fit the [FelI}[S 1x]
complex (Fig. 3f).

The Pap line (Fig. 30) has an asymmetric shape, with a
steeper drop redward of the peak than blueward of the peak.
A good fit to the line included two Gaussian profiles of com-
parable amplitude.

A.6 1.33" Southwest of the Nucleus (Figs. 3g, 3p)

Similar to the [Fe 11] line 1.33” northeast of the nucleus,
this [Fe 11] line appears to have a very weak red shoulder. A
second Gaussian line profile was included in the
X2 minimization fit to model this shoulder. In this case, the
shoulder is at a velocity consistent with the redshift of the
[Fe 11] line on the nucleus, and the bulk of the [Fe 11] emis-
sion is blueshifted relative to the nucleus.

90

The Pag line (Fig. 3p) shows an asymmetry opposite that
of the PagB line 0.67" southwest of the nucleus. As with the
PagB line 0.67" southwest of the nucleus, it was fit with two
Gaussian profiles of comparable amplitude.

A.7 2.00" Southwest of the Nucleus (Figs. 3h, 3q)

One Gaussian profile was sufficient to fit the unidentified
line blueward of [Fe 11]. The [Fe 11] line itself (Fig. 3h) shows
enhanced emission in the red wing. It was fit with two Gaus-
sian profiles: a strong one comprising the bulk of the line,
and a weak second Gaussian profile redward of the center of
the line to describe the enhanced wing emission.

The Pag line (Fig. 3q) was satisfactorily fit with a single
Gaussian profile.

A.8 2.67" Southwest of the Nucleus (Figs. 3i, 3r)

The [Fe 1] line and the PaB lines were each adequately
fit by a single Gaussian line profile.
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